Aqueous pyrolysis liquid (APL) is a high-COD byproduct of wastewater biosolids pyrolysis that is comprised of numerous complex organic compounds and ammonia nitrogen . One potential beneficial use of APL is as a co-digestate to produce more biogas in anaerobic digesters. However, some APL organics and NH 3 -N are known to inhibit methane-producing microbes. Autocatalytic pyrolysis which uses previously-produced biochar as a catalyst during biosolids pyrolysis, increases energy-rich py-gas while eliminating bio-oil production and reducing COD concentration in the APL (catalyzed APL). However, the catalyzed APL still has a high organic strength and no suitable treatment strategies have yet been identified. In this study, the methane production yields and methanogenic toxicity of non-catalyzed and catalyzed APLs were investigated. Both non-catalyzed and catalyzed APLs were produced at 800 • C from a mix of digested primary and raw waste activated sludge from a municipal water resource reclamation facility. Using the anaerobic toxicity assay, APL digester loading rates higher than 0.5 gCOD/L for non-catalyzed and 0.10 gCOD/L for catalyzed APL were not sustainable due to toxicity. The IC 50 values (APL concentration that inhibited methane production rate by 50%) for non-catalyzed and catalyzed APLs were 2.3 and 0.3 gCOD/L, respectively. Despite having significantly fewer identified organic compounds catalytic APL resulted in higher methanogenic toxicity than non-catalytic APL. NH 3 -N was not the main inhibitory constituent and other organics in APL, including 3,5-dimethoxy-4-hydroxybenzaldehyde, 2,5-dimethoxybenzyl alcohol, benzene, cresol, ethylbenzene, phenols, styrene, and xylenes as well as nitrogenated organics (e.g., benzonitrile, pyridine) ostensibly caused considerable methane production inhibition. Future research focused on pretreatment methods to overcome APL toxicity and the use of acclimated biomass to increase methane production rates during APL anaerobic digestion or co-digestion is warranted.
INTRODUCTION
Primary and waste activated sludge volumes produced from municipal water reclamation processes are increasing due to population increase and more strict effluent requirements (Agrafioti et al., 2013; Bravo et al., 2017) . Conventional solids management including landfilling and biosolids land application for agriculture are employed (Agrafioti et al., 2013; McNamara et al., 2016) . However, there are health and environmental concerns related to these approaches due to pathogens, micropollutants, and excess nutrients in the environment as well as a desire for energy and resource recovery from wastewater solids (Bridle and Skrypski-Mantele, 2004; Tsai et al., 2009; Hamidi et al., 2017; Khazaei et al., 2017 Khazaei et al., , 2018 . Therefore, technologies that destroy pathogens and micropollutants while generating energy, such as thermochemical processes, are being investigated.
Pyrolysis is one thermochemical technology that converts wastewater solids to biochar, pyrolysis gas (py-gas), and pyrolysis liquid. In pyrolysis, sludges or solids are heated in the absence of oxygen to temperatures >400 • C (McNamara et al., 2016; Liu et al., 2017 Liu et al., , 2018 . Biochar is a solid product similar to charcoal that can be used as a beneficial soil amendment because of its high capacity to hold moisture and nutrients for plants (Laird et al., 2009; McNamara et al., 2016) . In addition, pyrolysis reduces or eliminates pathogens and micropollutant mass when transforming sludge to biochar (McNamara et al., 2016; Liu et al., 2017) . Py-gas is a relatively clean-burning product containing hydrogen (H 2 ), carbon monoxide (CO), methane (CH 4 ) and other constituents that can be combusted alone or mixed with anaerobic digester biogas in boilers, engines, and other equipment for renewable energy (Domínguez et al., 2006; McNamara et al., 2016) .
Pyrolysis liquid is a light-to dark-brown material consisting of a complex mixture containing hundreds of organic compounds (Huber et al., 2006) . Often, pyrolysis liquid separates into an organic, light non-aqueous phase (bio-oil), and an aqueous phase known as aqueous pyrolysis liquid (APL) (Park et al., 2008; Fonts et al., 2012) . Crude bio-oil that has not been upgraded may damage typical combustion systems due to its corrosiveness, high viscosity, water content, and ash content (Evans and Milne, 1987; Xiu and Shahbazi, 2012) . Therefore, bio-oil upgrading is typically required to obtain a stable, renewable fuel product (Xiu and Shahbazi, 2012; Chen et al., 2014; McNamara et al., 2016) .
The APL contains numerous complex aromatic and nitrogenated compounds (Hübner and Mumme, 2015) . APL also has a high pH value and sometimes a high NH 3 -N concentration. Park et al. (2008) , investigated the nitrogen content in pyrolysis oils obtained from pyrolysis of dried sewage sludge containing polymer flocculants in a fluidized bed reactor at temperatures between 446 and 720 • C. They reported relatively high nitrogen content, from 5 to 7 wt% was mainly due to NH 3 -N produced during pyrolysis. Approximately, 70% of the total nitrogen in the pyrolysis oils was in the form of NH 3 -N. Pyrolysis of pine nut shells yielded APL having 85-90% water content and a low heating value, whereas the bio-oil contained <10% water content and a high heating value (Li et al., 2009; Chen et al., 2016) . Zhang et al. (2005) reported that APL from fast pyrolysis of sawdust at 470 • C contained organic compounds including acetic acid, hydroxyacetone, and phenol (Zhang et al., 2005) . Torri and Fabbri (2014) described volatile fatty acids (VFAs) concentrations in APL derived from pyrolysis of corn stalk pellets at 400 • C in a fixed bed reactor, with acetic, isovaleric, and propionic acid concentrations of 26, 3.2, and 1.6 g Kg −1 , respectively, whereas isobutyric, butyric and valeric acid concentrations were all lower (<0.5 g Kg −1 ). Currently, APL has no apparent use and must be carefully managed due to its high organic strength. The complex composition of APL makes it a challenging wastewater to treat and suitable methods to recover resources or energy from APL are yet to be established.
One potential strategy could be to convert the organic compounds in APL to methane for energy recovery via anaerobic digestion; however, APL can be a difficult substrate to digest since it contains organic compounds that are known to inhibit methanogens and methane production. Andreoni et al. (1990) described anaerobic digestion of pyroligneous acid from pyrolysis of wood mixed with swine slurry. Upflow anaerobic digesters were employed and some COD removal was achieved at low organic loading rates, whereas pyroligneous acid concentrations greater than about 10% v/v significantly inhibited methane production (Andreoni et al., 1990) . Another study concluded that condensate from pyrolysis of dried wastewater biosolids was anaerobically digestible under the specific conditions studied; however, the pyrolysis temperature was low (200 • C) and only short-term, batch biochemical methane potential tests were performed with a diluted biooil which may not reproduce conditions under continuous feeding (Parry et al., 2012) . Torri and Fabbri (2014) , described inhibition of methanogenic batch tests seeded with unacclimated biomass, using the aqueous phase from corn stalk pyrolysis. By adding biochar to the systems, methane production rate increased to 60% of the theoretical methane yield (Torri and Fabbri, 2014) . Another methanogenic batch study conducted using unacclimated inoculum showed that APL derived from digestate pyrolysis at lower temperatures (330 and 430 • C) was less inhibitory than APL generated at 530 • C (Hübner and Mumme, 2015) .
Autocatalytic pyrolysis, which uses biosolids-derived biochar as a catalyst during subsequent pyrolysis, is one promising method to increase py-gas production and decrease or eliminate bio-oil (Liu et al., 2017) . Catalyzed pyrolysis shifted the energy from bio-oil to py-gas such that at the highest catalyst loading, py-gas energy increased from 2,940 kJ/kg biosolids-pyrolyzed to 10,200 kJ/kg biosolids-pyrolyzed, while bio-oil energy decreased from 2,900 kJ/kg-biosolids-pyrolyzed to 275 kJ/kg-biosolidspyrolyzed (Liu et al., 2017) . Unlike bio-oil, py-gas does not require extensive conditioning before use as a fuel. Therefore, increasing py-gas and reducing bio-oil yields can be a favorable process to simplify and increase energy recovery at water resource recovery facilities (Liu et al., 2017) . Autocatalytic pyrolysis changes APL composition, resulting in significantly lower organic content. However, APL produced during autocatalysis (catalyzed APL) still contains organics and requires further treatment for disposal (Liu et al., 2017; Seyedi, 2018) . The application of catalyzed APL as a suitable co-substrate for methane production through anaerobic digestion has not been previously investigated.
Therefore, the objective of this study was to investigate the methane production yield and methanogenic toxicity of noncatalyzed and catalyzed APLs produced at 800 • C from pyrolysis of municipal wastewater biosolids. Anaerobic toxicity assays (ATA) were performed to determine catalyzed and non-catalyzed APL organic loading rates that would be sustainable in anaerobic digesters containing unacclimated biomass. APL composition was determined, and NH 3 -N stripping was performed to reduce potential inhibitory concentrations of NH 3 -N in APL before anaerobic digestion.
MATERIALS AND METHODS

APL Production and APL NH 3 -N Air Stripping
Catalyzed and non-catalyzed APLs were produced by pyrolysis of commercially available, dried biosolids at 800 • C. The biosolids were a mix of anaerobically digested primary sludge and raw waste activated sludge (Milorganite) from the Jones Island Water Resource Recovery Facility (Milwaukee, Wisconsin) as described elsewhere (Liu et al., 2017) . Air stripping was utilized to reduce the NH 3 -N concentration in some APL samples before anaerobic digestion. For this, 30 mL of catalyzed or noncatalyzed APL was aerated (2 L/min, 1 atm, 20 • C) for 9 h to air-strip NH 3 -N.
Anaerobic Toxicity Assay (ATA)
ATA tests were performed to measure the effect of APLs on the rate of methane production from acetate (Owen et al., 1979; Speece, 2008) . For ATA analysis, each of six serum bottles was fed a different APL concentration (Table 1 ) and all received 10 g/L calcium acetate with basal nutrient media (Speece, 2008) . Serum bottles were inoculated with biomass taken from a labscale anaerobic digester fed non-fat dry milk and basal nutrients media. NH 3 -N loadings in bottles receiving air-stripped APL were significantly lower than those in bottles receiving non-airstripped APL (Table 1) . Therefore, toxicity from constituents other than NH 3 -N was identified using results from bottles receiving air-stripped APL. In addition, preliminary ATA tests were conducted using ammonium chloride to determine the response of the inoculum to NH 3 -N.
Analytical Methods
Biogas volume was measured daily using a 100 mL wettedbarrel glass syringe by inserting a needle through serum bottle septa. Biogas methane concentration was measured by gas chromatography (GC System 7890A, Agilent Technologies, Irving, TX, USA) with a thermal conductivity detector GC-TCD. VFA concentrations were measured by gas chromatography (GC System 7890A, Agilent Technologies, Irving, TX, USA) using a flame ionization detector (GC-FID). Total solids (TS), volatile solids (VS), total suspended solids (TSS), volatile suspended solids (VSS), and NH 3 -N concentrations were measured using standard methods (American Public Health Association, 1998). The pH was measured using a probe and meter (Orion 4 Star, Thermo, Waltham, MA, USA). Statistical analyses including average and standard deviation calculations were performed using Microsoft Excel 2015.
APL constituent concentrations were measured using two different gas chromatography-mass spectrophotometry (GC-MS) methods and two different GC-FID methods. The first GC-MS method employed a DB wax column (Agilent Technologies), whereas the second employed an HP-5MS column (Agilent, Technologies). The GC-MS DB wax column analysis was performed using a GC-MS system (HP-6890 GC with a 5972A mass selective detector) and column with 30 m × 0.53 mm ID × 1.0 µm film thickness (DB-Wax column, Agilent Technologies). The injector employed a split ratio of 50:1 and the injection volume was 1 µL. The GC oven was programmed with an initial temperature of 50 • C for 1 min, temperature ramp of 15 • C/min and a final temperature of 220 • C and final hold time of 40 min. The flow rate was constant at 2.0 mL/min of the helium carrier gas. Both catalyzed and non-catalyzed APLs were diluted with water at ratios of 1:18.7 and 1:45.6, respectively. Also, samples were acidified to pH = 1 using concentrated HCl solution. The second GC-MS analysis was performed using a GC-MS system (HP-7890A GC with a 5975A mass selective detector) fitted with an HP-5MS column with 30 m × 0.25 mm ID × 1.0 µm film thickness (HP5-MS column, Agilent Technologies). The injection volume was 0.5 µL with a split ratio of 10:1. The oven was programmed with an initial temperature of 50 • C for 1 min, temperature ramp of 10 • C/min and a final temperature of 250 • C and final hold time of 4 min. The flow rate was constant at 1.2 mL/min of the helium carrier gas. Both catalyzed and non-catalyzed APLs were undiluted.
The first GC-FID analysis was performed using a GC (GC System 7890B, Agilent Technologies, Irving, TX, USA) that employed a DB FFAP column with 30 m × 0.25 mm ID × 0.25 µm film thickness. The operating system used was OpenLAB CDS-Acquisition Build version 2.1.0.433. The carrier gas was helium with a constant flow rate of 18 mL/min. The helium make-up was 32 mL/min, hydrogen flow at 35 mL/min with an air flow of 300 mL/min. The oven initial temperature was 95 • C for 2 min, ramped at 10 • C/min and a final temperature of 200 • C at 40 • C/min with 5 min hold time. A sample volume of 5 µL was injected with a split ratio of 2:1.
The second GC-FID method (GC-FID, Bruker Corporation, Bruker Daltonics, Inc., USA) utilized a 1701 capillary column as described elsewhere (Rover et al., 2015) . Quantification of organic compounds by GC-FID was conducted using standard curves for each analyte as described previously (Choi et al., 2014) and concentrations were measured as the mass of analyte per mass of APL (% w/w, raw basis).
RESULTS AND DISCUSSION
APL Properties
Autocatalysis during pyrolysis reduced the APL COD from >200 gCOD/L for non-catalyzed APL to 32 ± 1.2 gCOD/L for catalyzed APL (∼85% COD reduction) ( Table 2 ). The catalysis effect on NH 3 -N concentration varied, with non-catalyzed APL NH 3 -N concentration of 63 ± 0.1 g/L and catalyzed APL NH 3 -N concentration from 32 to 72 g/L. High NH 3 -N concentration in the liquid product obtained from sewage sludge pyrolysis was highlighted previously (Park et al., 2008; Fonts et al., 2009 ). Concentrations of VFAs in APLs were below detection after autocatalytic pyrolysis (Table 3B ). In contrast, non-catalyzed APL contained approximately 24 g/L of acetic acid (Table 3A) . This is consistent with previous studies which have found high acetic acid concentration in APL (Torri and 
Non-catalyzed >200 63 ± 0.1 9.6
Non-catalyzed, air-stripped 198 ± 7.8 13 ± 0.6 8.2
Catalyzed 32 ± 1.2 >32 9.6
Catalyzed, air-stripped 23 ± 0.8 5.3 ± 0.5 8.4
Fabbri, 2014). Acetic acid is an easily degradable substrate in anaerobic digestion; therefore, the presence of acetic acid indicates that APL could potentially serve as a co-digestate. The majority of organic compounds detected by GC-MS were nitrogen-containing compounds in both non-catalyzed and catalyzed APLs (Tables 3A,B) . The highest percent peak area measured by GC-MS HP-5MS column analysis was observed for pyrrole in both non-catalyzed and catalyzed APLs. Acetic acid concentration measured by GC-MS DB wax column analysis was three times higher in non-catalyzed compared to catalyzed APL. However, peak areas of identifiable compounds detected by both GC-MS methods only contributed to a fraction of the total peak area observed, whereas the majority of peaks were unidentified (Tables 3A,B) . Nearly all the compounds identified by GC-FID in both APLs were aromatic hydrocarbons (Tables 3A,B) . Compounds detected by GC-FID in non-catalyzed APL included phenols, xylene, ethylbenzene, cresol and acetophenone. Among these compounds, phenol, m-cresol, p-cresol, and 2,4-dimethylphenol contributed to a significant fraction of the detected substances (1.39% by weight) and are known to inhibit anaerobic processes at IC 50 concentrations of 2,100, 890, 91, and 71 mg/L, respectively (Fedorak and Hrudey, 1984; Blum and Speece, 1991) . Phenolic compounds damage the cell membrane which adversely affects membrane proteins and cell wall permeability (Madigou et al., 2016) . A recent study has summarized that selection of key microbial populations would help improve the removal of refractory pollutants including phenol and p-cresol (Franchi et al., 2018) .
In addition, ethylbenzene and m-xylene are not known to be degraded under strictly anaerobic conditions and, therefore, do not serve as a substrate for methane production (Edwards and Grbic-Galic, 1994) . Catalyzed APL contained fewer GC-FIDidentified organic constituents compared to non-catalyzed APL (Table 3B) . Only 4 organic compounds were detected by GC-FID in the catalyzed APL; 3,5-dimethoxy-4-hydroxybenzaldehyde, 2,5-dimethoxybenzyl alcohol, ethylbenzene, and styrene, whereas in the non-catalyzed APL, 23 compounds were identified.
APL Properties After Air Stripping
Both catalyzed and non-catalyzed APLs contained high concentrations of NH 3 -N that could inhibit anaerobic digestion ( Table 2) . NH 3 -N concentrations higher than ∼3-5 g/L NH 3 -N at neutral pH and 35 • C exert toxicity and decrease unacclimated methanogenic activity (Speece, 1996; Liu and Sung, 2002) . Air stripping decreased NH 3 -N concentration by approximately 80% in both non-catalyzed and catalyzed APL ( Table 2) . Air stripping did not significantly change the COD concentration in non-catalyzed APL; however, it reduced the catalyzed APL COD concentration by 30%, indicating catalyzed APL contained a higher fraction of volatile organic carbon than non-catalyzed APL. The pH of both catalyzed and non-catalyzed APLs significantly decreased after aeration, ostensibly due to NH 3 -N removal ( Table 2) .
GC-FID analyses of catalyzed and non-catalyzed APLs after air stripping were conducted (Tables 4A,B ). Before and after air stripping, essentially the same compounds were present in the non-catalyzed APL. In catalyzed APL after air stripping, however, only 2 compounds were detected; 3,5-dimethoxy-4-hydroxybenzaldehyde and 2,5-dimethoxybenzylalcohol. Therefore, air stripping of catalyzed APL removed the volatile organic chemicals, ethylbenzene, and styrene. The IC 50 values of ethylbenzene and styrene to unacclimated methanogenic biomass are each approximately 150 mg/L (Blum and Speece, 1991; Araya et al., 2000) . Removing these potentially inhibitory chemicals from APL in addition to NH 3 -N by air stripping may have resulted in reduced APL toxicity.
ATA Results Before NH 3 -N Air Stripping
ATA testing was performed on both non-air-stripped, catalyzed and non-catalyzed APL samples as well as on airstripped catalyzed APL. Since the non-catalyzed APL NH 3 -N concentration was significantly below potentially inhibitory concentrations in ATA tests, no ATA testing was not performed on air-stripped, non-catalyzed APL ( Table 1) . Liu et al., 2017, b BD, Below detection; Blum and Speece, 1991, d Araya et al., 2000 . Liu et al., 2017, b Blum and Speece, 1991. Non-catalyzed APL significantly inhibited methane production at high concentrations of 2.3 and 4 gCOD/L ( Figure 1A) . However, at lower concentrations of 0.06 and 0.30 gCOD/L, no significant inhibition was observed, and the initial methane production rates were similar to those of the control system that received no APL. This shows that APL digestion may be feasible at low organic loading rates, but toxicity inhibits the process at high loading rates. The inhibition could be attributed to the presence of compounds such as phenols that are known to adversely affect unacclimated methane-producing cultures at high concentrations (e.g., IC 50 for phenol is 2,100 mg/L) (Hübner and Mumme, 2015) . Others have also suggested that methane production inhibition could be due to APL constituents including phenols, oxygenated and nitrogen-containing organics (Torri and Fabbri, 2014) . In addition, high concentration of phenols in unacclimated anaerobic digesters impedes AD processes resulting in decreased biogas production (Madigou et al., 2016) . Metabolic inhibition and modification of community composition are phenomena that negatively affect phenol degradation efficiency (Rosenkranz et al., 2013) .
For catalyzed APL, high concentrations of 2.3 and 4.0 gCOD/L, caused total cessation of methane production ( Figure 1B) . It was originally assumed that the catalyzed APL would be less toxic than non-catalyzed APL since it contained fewer organic compounds; however, the opposite was observed, and catalyzed APL was more inhibitory than the non-catalyzed APL. The methane production rates for 0.3 and 0.6 gCOD/L APL doses were also lower than those of the controls. The lowest COD loading (0.06 gCOD/L) did not inhibit methane production rate.
Methane production data were analyzed to determine the concentration of APL that inhibited methane production rate by 50% (i.e., the IC 50 value). The IC 50 values were 0.3 and 2.3 gCOD/L for catalyzed and non-catalyzed APLs, respectively ( Figure 1C) . The highest APL COD loadings that demonstrated < 10% inhibition were approximately 0.5 and 0.1 g COD/L for non-catalyzed and catalyzed APL, respectively. 
ATA Results After NH 3 -N Air Stripping
In order to determine the toxicity of NH 3 -N to the seed biomass, an ATA analysis was performed with NH 3 -N concentration range of 0, 3, 6, and 9 g/L (Figure 2A) . High NH 3 -N concentrations of 6 and 9 g/L NH 3 -N resulted in high methane production inhibition, whereas a lower concentration of 3 g/L NH 3 -N, resulted in low, but observable inhibition. The NH 3 -N IC 50 value was 2 g/L NH 3 -N for the seed biomass ( Figure 2B ). NH 3 -N inhibition can be due to multiple factors including a change in the intracellular pH and inhibition of specific enzyme reactions (Rajagopal et al., 2013) . It has also been proposed that NH 3 is a cause of inhibition because it can permeate the cellular membrane and lead to protein imbalance and/or potassium deficiency (Speece, 1996; Yenigün and Demirel, 2013) .
ATA testing was performed on catalyzed APL after NH 3 -N was removed by air stripping. After NH 3 -N was stripped, the NH 3 -N concentration in all the ATA bottles was <1 g/L and should not have been significantly inhibitory (Table 1) . Therefore, any methane production rate inhibition was ostensibly a result of APL constituents other than NH 3 -N. ATA results using catalyzed APL after air stripping show that aeration did reduce toxicity at the 0.6 gCOD/L dose, but inhibition was still observed at higher concentrations ( Figure 3A) . Even after NH 3 -N was stripped, methane production essentially ceased at 2.3 and 4 gCOD/L APL doses. NH 3 -N concentrations in these two systems were approximately 0.5 and 0.9 g/L, respectively, which were significantly lower than IC 50 value of 2 g/L. Therefore, NH 3 -N toxicity was not the main cause of inhibition and other APL constituents inhibited methane production. Dose response curves for methane production rate vs. COD and NH 3 -N concentrations were plotted and IC 50 values were calculated (Figures 3B,C) . After air stripping, biomass showed higher tolerance to the APL and the IC 50 value increased by approximately 300% (Figure 3B) . Under both air-stripped and non-air-stripped conditions, the NH 3 -N concentrations were significantly less than the IC 50 value, but methane production inhibition was still observed (Figure 3C) . Therefore, NH 3 -N was not the main or only inhibitory constituent. Inhibitory organic constituents in the APL exerted significant toxicity to the unacclimated biomass.
In summary, higher inhibition was observed using catalyzed vs. non-catalyzed APL despite the catalyzed APL having a lower COD concentration and fewer aromatic compounds. Energy recovery from APL may require pretreatment processes to decrease toxicity of the APL, prior to anaerobic digestion. Utilizing acclimated anaerobic biomass as an inoculum should also be considered to reduce inhibition and improve codigestion. The APL for this work was produced at 800 • C. It may be that APL produced from biosolids at other temperatures has different anaerobic toxicity properties. In addition, the APL produced for this work was derived from a mix of digested primary and raw waste activated sludges; the mix had a relatively high organic nitrogen content. APL derived from other traditional pyrolysis feedstock with lower nitrogen content, such as corn stover or wood, produces APL with lower total nitrogen and probably has different toxicity effects in anaerobic digesters.
CONCLUSION
Despite having fewer organic compounds, catalyzed APL generated from autocatalytic pyrolysis of wastewater solids resulted in higher methanogenic toxicity compared to conventional, non-catalyzed APL. Inhibition in methane production was observed even after the NH 3 -N concentration in catalyzed APL was reduced to non-inhibitory values by air stripping. Therefore, the main cause of inhibition is attributed to organic compounds present in catalyzed APL, such as phenol, m-cresol, p-cresol, 2,4-dimethylphenol, 3,5-dimethoxy-4-hydroxybenzaldehyde, 2,5-dimethoxybenzyl alcohol, ethylbenzene, and styrene. The majority of the organic constituents identified in wastewater solids derived catalyzed and non-catalyzed APLs were nitrogen-containing compounds and phenols that are known to inhibit methanogenesis. Future research should focus on pretreatment methods to overcome APL toxicity and the use of acclimated biomass to increase methane production rates during APL anaerobic digestion or co-digestion.
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